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Abstract 
The paper presents an attempt to find a relation between Linear ViscoElastic (LVE) behaviour of 
bituminous mixtures containing Reclaimed Asphalt Pavement (RAP) and colloidal structure of 
corresponding binders. Three different base bitumens (15/25, 35/50 and 70/100 pen grade) were used to 
produce nine bituminous mixtures with varying RAP content (0%, 20%, 40% and 60%). Moreover, a 
100% RAP mixture was produced (containing only RAP-extracted binder), for a total of ten mixtures. 
All mixtures have the same aggregates and grading curve. For each mixture, its corresponding binder 
blend was also produced, by perfectly mixing the base binder with RAP-extracted binder in the same 
proportions. 
Tension/Compression (T/C) complex modulus tests were performed on all mixtures, over a large range 
of frequencies (from 0.001 Hz to 10 Hz) and temperatures (from -25°C to 40°C). Experimental results 
were successfully fitted with the 2S2P1D (2 Springs, 2 Parabolic elements, 1 Dashpot) analogical model, 
developed at ENTPE. Therefore, for each mixture, a set of 7 model parameters and 2 additional constants 
(to take into account Time-Temperature Superposition Principle) was obtained. All binders were 
subjected to penetration tests and SARA (Saturates, Aromatics, Resins and Asphaltenes) fractioning, in 
order to have an indication on their colloidal structure. Colloidal Index (CI) of each binder was also 
calculated. 
Correlations between each parameter and all SARA fraction proportions, corresponding colloidal index 
values and penetrations are presented and analyzed. 
Keywords: bituminous mixtures, binder, blends, colloidal structures, LVE behaviour, 2S2P1D, SARA, reclaimed 
asphalt pavement (RAP) 
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1 Introduction 
The use of Reclaimed Asphalt Pavement (RAP) in bituminous mixtures is a widespread practice in 
road industry. A substantial amount of research work is focused on mechanical properties of mixtures 
produced with RAP and on their dependency on properties of components, in particular base binder and 
RAP (Copeland, 2011; Lopes, Gabet, Bernucci, & Mouillet, 2014). 
One of the main subjects of several researches is the characterization of the binder contained in RAP, 
which has already undergone non-negligible aging, from both mechanical and physico-chemical points 
of view (Liu, Lunsford, Davison, Glover, & Bullin, 1996; Marsac et al., 2014; Molenaar, Hagos, & van 
de Ven, 2010; Poulikakos et al., 2014; Rebelo et al., 2014). 
The purpose of this study is to investigate the dependency of Linear ViscoElastic (LVE) behaviour 
of mixtures produced with different base binders and RAP contents on colloidal structure (Nellensteyn, 
1924) of corresponding blends of base and RAP binders. Complex modulus test were performed on 
mixtures and the results obtained were fitted with an analogical LVE model. Binder blends were 
characterized with classical semi-empirical tests (penetration, softening point and Fraass temperature) 
and proportions of their colloidal fractions were determined by chromatography. Several correlations 
were attempted between parameters fitted on complex modulus test results obtained on mixtures and 
both results of semi-empirical tests and proportions of colloidal fractions of corresponding binder 
blends.  
2 Tested Materials 
Eight mixtures were produced, using three base binders (a 15/25 pen grade air-rectified bitumen, a 
35/50 pen grade straight run bitumen and a 70/100 pen grade bitumen) and various RAP contents (from 
0% to 60% by weight of RAP and aggregates). An additional 100% RAP mixture was produced using 
only RAP-extracted binder and RAP aggregates. Therefore, in total, nine mixtures were used in the 
study. The same grading curve (14 mm continuous), aggregate nature (silica-limestone) and binder 
content (5.35% by weight of total mixture) were used for all mixtures. All mixtures were produced and 
compacted according to, respectively, EN 12697-35:2004+A1:2007 and EN 12697-33:2003+A1:2007 
(wheel compactor).  
 
 
For each mixture containing RAP, the corresponding binder blend was also produced, by mixing the 
base binder (either 15/25, 35/50 or 70/100) with RAP binder in the same proportions (Table 1). All 
Binders 
(pure, blends) 
pen (25°C)   
[10-1 mm] 
TR&B 
[°C] 
TFraass 
[°C] 
Satur. 
[%] 
Arom. 
[%] 
Resins 
[%] 
Asph.   
[%] 
CI  
[-] 
15/25 16 65.6 -2 4.5 57.9 21.8 15.8 0.25 
35/50 34 54.2 -7 5.2 59.4 24.8 10.7 0.19 
35/50+20% RAP 24 57.8 -7 5.9 57.9 24.5 11.8 0.21 
35/50+40% RAP 19 61.0 -6 4.7 53.4 27.5 14.4 0.24 
35/50+60% RAP 16 64.8 -1 4.7 50.5 29.4 15.3 0.25 
70/100 73 47.4 -14 6.5 59.7 24.7 9.1 0.18 
70/100+20% RAP 42 51.2 -9 6.8 58.2 24.5 10.6 0.21 
70/100+60% RAP 22 60.4 -5 5.1 51.7 29.8 13.4 0.23 
RAP binder 9 72.0 1 3.6 44.2 34.1 18.1 0.28 
 
Table 1: Binders used in the study: results of semi-empirical tests (penetration at 25°C, softening point, Fraass 
temperature) and SARA (Saturates, Aromatics, Resins, Asphaltenes) fractioning 
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blends were perfectly mixed. Since, as already explained, RAP contents indicated for mixtures were 
estimated by weight of RAP and aggregates, RAP binder contents within blends were calculated 
accordingly. For this reason, RAP binder contents of blends corresponding to mixtures containing 20%, 
40% and 60% are, respectively, equal to 18.7%, 37.8% and 57.0% by the total weight of the blend. 
However, for simplicity, approximate contents are used in this article to designate blends. 
3 Experimental Procedures 
3.1 Semi-empirical Tests and SARA Fractioning of Binders 
Semi-empirical tests were performed on all binder blends. In particular, penetration, softening point 
and Fraass temperature were determined according to EN 1427:2007, EN 1426:2007 and EN 
12593:2007. SARA (Saturates, Aromatics, Resins, Asphaltenes) fractioning was also performed, in 
order to determine proportions of components of the colloidal structure. After separating asphaltenes by 
precipitation in n-heptane, maltenes were divided in saturates, aromatics and resins by silica gel 
chromatography. Two developing tanks were used for maltene separation, respectively with n-pentane 
and a 9:1 mixture of toluene and chloroform. 
Results of semi-empirical tests and SARA fractioning for all blends are reported in Table 1. 
3.2 T/C Tests on Mixtures 
All mixtures were subjected to T/C complex modulus tests by applying sinusoidal loading in strain 
control mode on cylindrical samples (75 mm diameter, 150 mm length) cored from slabs. Tests were 
performed at temperatures ranging from -25°C to 40°C and at frequencies ranging from 0.001 Hz to 10 
Hz. Axial stress was monitored using a load cell, while axial strain was considered as the average of 
three extensometers placed at 120°C on the sample. One sample was tested for each material. 
For more details, the reader can refer to (Mangiafico et al., 2013). 
4 2S2P1D Model Fitting of Mixture Complex Modulus Results 
Complex modulus test results obtained for all mixtures were fitted with analogical model 2S2P1D 
(2 Springs, 2 Parabolic elements, 1 Dashpot, Olard & Di Benedetto, 2003). The model simulates Linear 
ViscoElastic (LVE) behaviour of bituminous materials according to pulsation ω (ω = 2πf, where f is the 
frequency) by means of 7 parameters, as in Equation (1): 
כሺɘሻ ൌ ଴଴ ൅ ୉బି୉బబଵାஔሺ୧னதሻషౡାሺ୧னதሻష౞ାሺ୧னஒதሻషభ   (1) 
where E00 and E0 are, respectively, static (ωÆ0) and glassy (ωÆ∞) modulus values, k and h are 
dimensionless parameters, τ is the characteristic time, depending on temperature and β is a parameter 
related to Newtonian viscosity η as in Equation (2):  
Ʉ ൌ ሺ଴ െ ଴଴ሻȾɒ      (2) 
If Time-Temperature Superposition Principle is validated, τ can be determined as: 
ɒ ൌ ୘ɒ଴      (3) 
where τ0 is the value of parameter τ at reference temperature Tref, and aT is the shift factor at temperature 
T. Shift factors can be calculated with the Williams-Landel-Ferry equation (Williams, Landel, & Ferry, 
1955), based on empirical constants C1 and C2: 
 ୘ ൌ ିେభሺ୘ି୘౨౛౜ሻେమାሺ୘ି୘౨౛౜ሻ     (4) 
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The analogical scheme of the model is shown in Figure 1, together with a depiction of the influence 
of parameters on LVE behaviour simulation. Successful fitting was obtained for all mixtures. An 
example for mixture 35/50+60% RAP is shown in Figure 2. 2S2P1D parameters and WLF constants (at 
Tref = 15°C) found for all mixtures are reported in Table 2. 
 
 
 
 
 
 
 
a)      b)  
Figure 1: (a) Analogical scheme of 2S2P1D model; (b) Influence of 2S2P1D parameters in Cole-Cole diagram 
E00
E0 – E00
k
h
η
 
 
Figure 2: Experimental data obtained from T/C tests on mixture 35/50 +60% RAP fitted with 2S2P1D model: (a) 
Cole-Cole diagram; (b) Black diagram; (c) Complex modulus norm and phase angle master curves (Tref = 13.9°C) 
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5 Analysis of Experimental Results 
SARA fractioning results obtained for binder blends show an evolution of the proportions of 
colloidal fractions with RAP binder content (Figure 3). In particular, contents of asphaltenes and resins 
appear to increase with RAP binder content, to the detriment of saturates and aromatics, whose contents 
decrease. This results in an increase of colloidal index CI (Read, Whiteoak, & Hunter, 2003), calculated 
as the ratio between content of "flocculant" agents (asphaltenes, xasphaltenes, and saturates, xsaturates) and 
"peptidizing" agents (aromatics, xaromatics, and resins, xresins): 
 ൌ ୶౗౩౦౞౗ౢ౪౛౤౛౩ା୶౩౗౪౫౨౗౪౛౩୶౗౨౥ౣ౗౪౟ౙ౩ା୶౨౛౩౟౤౩      (5) 
By considering that RAP binder is aged, the increase of colloidal index with RAP binder content is 
expected (Read et al., 2003). The augmentation of RAP binder content causes the blend to move toward 
a more gel-like colloidal structure, although obtained values of colloidal index still remain well within 
an intermediate range (Lesueur, 2009). 
2S2P1D parameters of all mixtures were plotted against SARA proportions of corresponding binder 
blends, in order to investigate the dependency of LVE behaviour of mixtures on binder composition. 
Based on the hypothesis that the binder is responsible for the LVE characteristics of mixture behaviour, 
2S2P1D parameters of mixtures can reflect the variations of the colloidal structure of corresponding 
binder blends. Parameters E0 and E00 were not considered, since they are almost exclusively dependent 
on the granular skeleton of a mixture rather than on the binder (Olard & Di Benedetto, 2003). 
Some interesting correlations were found for certain 2S2P1D parameters and some SARA fractions 
(Figure 4). As an example, parameters k and h were observed to linearly decrease with increasing 
colloidal index. This appears to indicate that as the binder blend becomes more gel-like (with increasing 
asphaltene content), the slopes of the Cole-Cole curve of the mixture, both at the high temperature/low 
frequency and at the low temperature/high frequency extremes, are reduced. 
Mutual correlations were observed between parameter τ of mixtures and penetration and softening 
point of blends. In particular: 
x τ increases exponentially with asphaltene content; 
x τ decreases with penetration and increases with softening point; 
x penetration and softening point, respectively, increase and decrease with asphaltene content. 
Mixture 
2S2P1D WLF 
E00 E0 k h δ τ0 β C1 C2 
15/25 13 37260 0.167 0.520 2.55 2.25 100 680 41.4 250.8 
35/50 14 36000 0.179 0.560 2.25 1.65 10-1 200 30.7 196.9 
35/50+20% RAP 16 37250 0.173 0.550 2.30 2.98 10-1 300 31.6 199.6 
35/50+40% RAP 18 38450 0.168 0.520 2.45 2.09 100 480 31.9 196.9 
35/50+60% RAP 20 38750 0.163 0.505 2.57 5.76 100 900 35.3 220.8 
70/100 14 38600 0.179 0.550 2.15 1.60 10-2 300 36.8 237.6 
70/100+20% RAP 24 39100 0.173 0.540 2.15 4.24 10-2 200 36.5 239.1 
70/100+60% RAP 17 39700 0.164 0.510 2.58 1.51 100 1400 38.9 240.7 
100% RAP 23 39100 0.153 0.480 2.26 1.37 101 500 58.9 377.2 
Tref = 15°C 
 
Table 2: 2S2P1D and WLF parameters obtained for all mixtures (at Tref = 15°C) 
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Because of the limitations of article length, only the graph illustrating the first point could be 
inserted. It is not surprising that the increase of asphaltene content in the blend, resulting in a more 
viscous binder, has an influence on τ0 of mixtures, which is related to the temperature dependency of 
their LVE behaviour. A correlation was also found between τ0 and colloidal index, although it is less 
clear, because of a higher scattering of data points. This is certainly due to the lack of a clear correlation 
with aromatics and resins, which is reflected in colloidal index values.  
No good correlation was found between parameters β and δ and any SARA fraction or colloidal 
index.  
These results hint in the same direction as findings of Perez-Martinez et al. (2016) who investigated 
relationships between FTIR results and parameters of 2S2P1D model of binders (which becomes 
1S2P1D for binders as modulus E00 is nil for these materials). The authors of this study found 
correlations between parameters h, δ, β and τ0 and carbonyl index. 
 
Figure 3: Results of SARA fractioning for all binders (pure and blends) against RAP binder content: (a) Saturates; 
(b) Aromatics; (c) Resins; (d) Asphaltenes; (e) Colloidal index 
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The results of the present study show very interesting correlations between mixture parameters and 
colloidal structure of corresponding perfectly blended binders. However, in order to predict behaviour 
of mixtures from binder blends characteristics, the actual degree of blending of base and RAP binders 
within mixtures cannot be neglected (Eddhahak-Ouni et al., 2012; El Bèze, 2008; Kriz et al., 2014; 
Mangiafico et al., 2013). 
 
 
6 Conclusions 
Correlations between 2S2P1D parameters of mixtures produced with different base binders and 
SARA fractions of corresponding binder blends were investigated. Parameters k and h, related to the 
slopes of the extreme parts of Cole-Cole curves, were observed to decrease with increasing colloidal 
index, suggesting a possible relation between sol/gel colloidal structure of blends and variations of LVE 
characteristics of mixtures. Parameter τ was also found to exponentially increase with asphaltene 
content, penetration and softening point of blends. These correlations do not appear to be independent 
from each other, since both penetration and softening point seem to be related to asphaltene content. 
All of these findings, however, should be intended as a further contribution in the study of LVE 
behaviour of mixtures produced with RAP. In fact, the study was conducted in parallel on mixtures and 
on corresponding perfect binder blends. The actual degree of blending of base and RAP binder within 
mixtures should influence the results. 
 
 
Figure 4: Correlations between 2S2P1D parameters of mixes and SARA proportions of corresponding binders 
(pure and blends): (a) k vs. colloidal index; (b) h vs. colloidal index; (c) τ0 vs. asphaltene content 
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